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Abstract
There is abundant evidence in many taxa for positive directional selection on2
body size, and yet little evidence for microevolutionary change. In many species,
variation in body size is partly determined by the actions of parents, so a proposed4
explanation for stasis is the presence of a negative genetic correlation between direct
and parental effects. Consequently, selecting genes for increased body size would6
result in a correlated decline in parental effects, reducing body size in the following
generation. We show that these arguments implicitly assume that parental care is8
cost free, and that including a cost alters the predicted genetic architectures needed
to explain stasis. Using a large cross-fostered population of blue tits, we estimate10
direct selection on parental effects for body mass, and show it is negative. Negative
selection is consistent with a cost to parental care, mainly acting through a reduction12
in current fecundity rather than survival. Under these conditions, evolutionary stasis
is possible for moderately negative genetic correlations between direct and parental14
effects. This is in contrast to the implausibly extreme correlations needed when care
is assumed to be cost free. Thus, we highlight the importance of accounting correctly16
for complete selection acting on traits across generations.
Introduction18
Directional selection acting on a trait causes within-generation change in the
mean. Given heritable (additive) genetic variation, part of this change should be20
passed onto the following generation, causing evolutionary change (Lush 1943; Lande
1979; Lande and Arnold 1983). Kingsolver et al. (2001) showed that directional22
selection on quantitative traits is relatively common, particularly for body size, where
positive directional selection predominates (Kingsolver and Pfennig 2004). However,24
those studies able to measure microevolutionary change often find it absent, despite
estimates of selection and inheritance suggesting it should exist (e.g. Milner et al.26
1999, 2000; Charmantier et al. 2004). Many hypotheses for this evolutionary stasis
have been proposed (Merila et al. 2001) and investigated (e.g. Kruuk et al. 2001;28
Siepielski et al. 2009; Morrissey and Hadfield 2012; Kingsolver and Diamond 2011),
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yet none have satisfactorily explained the patterns seen.30
One hypothesis to explain the paradox of stasis is that the focal trait under
selection may have antagonistic genetic correlations with other traits, also under32
selection. This could restrict microevolution (Lande 1979; Lande and Arnold 1983),
and evidence for antagonistic genetic correlations between traits has been found in34
various wild populations (Gratten et al. 2008; Ohno and Miyatake 2007; Morrissey
et al. 2012). In many species with extended parental care, body size is determined36
by both the genes of an individual, and the genes in its parent(s) that determine
the amount of parental care provided to them. Under this situation, the type of38
genetic correlations that act antagonistically become more complex, but a solution
is formalised in the Willham model (Willham 1963, 1972). Rather than explicitly40
considering all traits underlying parental care, the Willham model considers a
composite trait, parental performance. This is a value assigned to an individual that42
represents the effect that individual has (through all aspects of its phenotype) on
the body size of its offspring, measured in units of the offspring trait. If negative44
genetic correlations exist between body size and parental performance, an individual
that possesses alleles for a large body would also possess alleles for lower parental46
performance, reducing the size of offspring they produce. This restricts net change
in body size, as selection for increased body size leads to a concomitant decline in48
parental performance, and therefore body size in the following generation. Willham
(1972) showed that when the selection gradient on body size is βb, evolutionary50
change in body size has the form:
∆z¯b = (gb +
3
2
gb,p +
1
2
gp)βb (1)
where gb is the additive genetic variance for body size, gp the additive genetic52
variance for parental performance (often called the maternal genetic variance) and
gb,p is the additive genetic covariance between the two traits. Consequently, if gb,p54
is sufficiently negative, the response to selection may become zero despite selection
for increased body size. However, for this to occur, the additive genetic correlation56
would have to be close to -1. Given that the traits underlying parental performance
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are likely to be developmentally distinct from body size, and expressed in different58
life-stages, such an integrated genetic architecture seems unlikely. The genetic
correlation is routinely estimated in the field of animal breeding (e.g. Meyer 1992;60
Robinson 1996) and, although negative, the mean estimate from domestic ungulates,
is far from -1 (-0.167 ± 0.026 SE; Wilson and Re´ale 2006; Ra¨sa¨nen and Kruuk62
2007). Estimates from non-domestic populations are far fewer, although they have
been obtained for captive populations (Blomquist and Williams 2013), as well as64
wild animals (McAdam et al. 2002; Wilson et al. 2005) and plants (Thiede 1998;
Galloway et al. 2009). Wilson et al. (2005) obtained an estimate of -0.41±0.25 SE66
for the genetic correlation between birth weight and parental performance in Soay
sheep (Ovis aries), which is suggestive of a negative relationship, but one that is68
insufficiently strong to explain evolutionary stasis.
The Willham model (Willham 1972) was developed in an animal breeding70
context, where the only target of artificial selection is the focal trait, body size.
Cheverud (1984a) highlighted that natural selection is unlikely to operate in such a72
manner, and that selection is likely to also operate on parental performance. Under
these conditions evolutionary change in body size has the form:74
∆z¯b = (gb +
3
2
gb,p +
1
2
gp)βb + (gb,p + gp)
1
2
βp (2)
Importantly, selection on parental performance (βp) is likely to be negative -
parents are expected to pay a cost, in terms of their own fecundity and survival, when76
providing care for their offspring (Smith and Fretwell 1974). Through this route, a
negative genetic correlation actually facilitates the evolution of increased body size,78
and the conclusions drawn from the simple Willham model depend critically on the
cost of parental care.80
Theory generally predicts caring to be costly to the parent (Williams 1966;
Trivers 1972; Stearns 1992) and this is supported by a large body of empirical work,82
showing costs to parents in terms of reduced immunity, increased oxidative stress
and predation risk, and depletion of micronutrients (reviewed in Alonso-Alvarez84
and Velando 2012). These ultimately lead to a reduction in future fecundity (To¨ro¨k
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et al. 2004), or decreased survival probabilities (Nur 1984; Dijkstra et al. 1990;86
Owens and Bennett 1994). In the context of body size, Rollinson and Rowe (2015)
demonstrate that the majority of positive selection on body size has been measured88
in juveniles, and trade-off’s exist between offspring body size and parental fecundity,
highlighting the cost to parents of producing larger offspring, and lending support to90
this extension of the Willham model.
Despite the substantial evidence that βp should be negative, currently no92
attempt has been made to estimate the sign and strength of selection acting directly
on parental performance, although costs to individual traits making up parts of this94
composite have been estimated. In part, this may reflect the statistical difficulty
of relating parental performance (which is measured as an effect on offspring96
phenotype) to the survival and fecundity of the parents. By developing appropriate
statistical methods we measure selection on parental performance using measures98
of body mass, survival and fecundity from a long-term cross-fostering experiment
in blue tits (Cyanistes caeruleus). We find that selection on maternal and paternal100
performance is negative. Although we do not yet have the power to estimate the
genetic (co)variances for parental performance, we can show that moderate negative102
genetic correlations between body mass and parental performance could result in
evolutionary stasis.104
Methods
This study was carried out on a nest-box population of blue tits, on the106
Dalmeny estate, Edinburgh, UK. This population consists of 225 boxes on Craigie
Hill (grid reference NT156766) and beside the Almond River (NT179758), spaced108
approximately 30m apart. The data used here were collected from 2010 to 2014, with
additional data from 2015 and 2016 used to measure survival. Boxes were visited110
regularly from early April, such that in the vast majority of cases the first egg of a
nest was found on the day it had been laid (see Hadfield et al. 2013a).112
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Cross-foster Design
Eggs were cross-fostered between nests in this population, and although the114
cross-fostering design varied between years this does not affect this study. In
2010-2013, on the day the first egg was laid within a nest, the nest was assigned to116
a cross-fostering group. Where possible these were groups of three nests, but other
group sizes were also used (from 2 to 5). Within each group, eggs were crossed on the118
day they were laid; the egg in nest A was moved to B, B to C, and C to A. Alternate
eggs were crossed, so the first egg was cross-fostered, the second egg was not, the120
third was, and so on. In 2014 a different design was used, as part of a separate
experiment. All nests were assigned into pairs on the day they initiated laying and122
each pair was assigned into one of three treatment groups. In the first treatment,
eggs were crossed in the manner explained above, for the second treatment all eggs124
were switched between the two nests, and for the third treatment all eggs remained
in their nest of origin. When interruptions in the laying sequence happened on a126
crossing day, the cross was postponed until all nests within a group had laid again.
Cross-fostering and nest visits ceased when one of the nests within a group finished128
laying, or indications of incubation were found two days in a row (i.e. the female
was on the nest or the eggs were warm).130
During 2010-2011 a further cross-fostering experiment was implemented,
wherein single eggs in 114 out of 276 clutches were cross-fostered into nests that132
were not part of their original group. These eggs were either the first in the laying
sequence or close to the end. In half the cases these cross-fostered eggs replaced eggs134
that were at the opposite end of the laying sequence. These data were not excluded,
as treatment had little effect on body mass or survival (Hadfield et al. 2013b). In136
2012-2013 a feeding experiment was performed, in which 76 out of 247 nests were
food supplemented during egg-laying. This had little effect on any pre-natal aspects138
of development (Thomson et al. unpublished), so we do not expect post-natal effects
that would affect the analyses here, therefore these data were also included.140
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Data Collection
Nests were checked daily for hatching from around 11 days after the last egg142
was laid. In the majority of cases (>98%) nests were checked within approximately
24 hours of the first chicks hatching. Chicks which had hatched during this day (day144
0) were uniquely marked by clipping tufts of down on their head (and if necessary a
toe-nail). Chicks that hatched on subsequent visits (day 1 or 3, no chicks hatched146
after this point) were also marked. Nests were visited on days 0, 1, 3, 6, 9, 12 and
15 (“nest age”) when all chicks were weighed and mortality recorded. Blood samples148
were taken on day 3 from the medial metatarsal vein, under home office license. On
day 9 chicks were ringed. Post-fledging, the identities of any unfledged (dead) chicks150
were recorded. As data was only used from nests that hatched, 104/113 nests from
2010, 141/160 from 2011, 116/129 from 2012, 99/104 from 2013, and 93/98 from152
2014 (553/604 in total) were used in this study.
From day 10 onwards, parents were caught in nest boxes, or if necessary by154
mist net in front of the box. These adults were identified (if previously caught) or
ringed, and blood samples were taken from the ulna vein. Adults were also given156
colour rings which identified the year in which they were first caught as adults and
their sex. The presence of any adults, and the colours of the rings seen (if any) were158
noted at nest visits during the egg laying and nestling stage.
Genotyping and Pedigree160
Genotypes were obtained for chicks, adults and unhatched (fertile) eggs, for
which there were available blood or tissue samples. DNA was extracted using162
DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany), and genotyped at seven
polymorphic microsatellite markers (Olano-Marin et al. 2010). See Hadfield et al.164
(2013a) for full molecular methods.
The pedigree of sampled individuals was reconstructed using a Bayesian Markov166
chain Monte Carlo approach, MasterBayes (Hadfield et al. 2006). Each chick had
one to three potential mothers, due to the cross-fostering design. Maternity was168
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restricted to these females – it was assumed that mixed maternity clutches did not
occur. Paternity was not restricted, but the odds that a male caught at a nest was170
also the sire of the chicks originally from that nest was simultaneously estimated
with the pedigree. Likewise, we estimated the rate at which the probability of172
paternity decays with distance between the nests attended by a male and the nest
from which the chicks originally came. Where one or both adults were unsampled174
from a nest, a non-genotyped dummy adult(s) was included in the model. The size of
the unsampled male population was also estimated, representing males that gained176
paternity but were not associated with a specific nest. Individuals that were assigned
to unsampled males with greater than 50% posterior probability were assigned into178
paternal sibships, using rcolony (Jones and Wang (2010); see Hadfield et al. (2013a)).
Assignment of Social Parents180
In order to assess selection on parental performance, the social parents (i.e. the
care-givers) at each nest need to be known. Any individual caught at a nest was182
assumed to be the social male/female for that nest. In this manner we assigned social
mothers to 493/553 nests and fathers to 413/553 nests. The remaining females were184
generally not caught because they deserted their chicks before day 10, and so were
assigned dummy identities. The genetic sire with the largest proportion of paternity186
in a nest was assigned as the social father for the remaining 140 nests where a male
was not caught. This could be either a male caught at a different nest that year, or188
an unsampled male with a dummy identity. In 7 cases two or more males tied, and
so a (new) dummy male was assigned to be the social father. Had this method been190
used to assign a social father in nests where a male had been caught, the correct
male would have been assigned in 92% of cases.192
The number (and colour rings if possible) of adult birds present at a nest were
recorded during nest visits. This allowed us to generate a score of male attendance194
at each nest, which provided a measure of how much care a male was likely to be
giving to his offspring – males with higher nest attendance were expected to be196
providing more care. In order to avoid bias, we restricted this to visits made after
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the first egg had been laid in a nest, as nests commencing laying later in the season198
were visited more times in total than those that lay early, and so would have greater
sampling effort if visits prior to laying were included. We scored male attendance200
as a 0 if no male had ever been seen, 1 if a male had been seen but was not caught
(and therefore providing no, or very little care), and 2 if the male had been caught202
(therefore providing care, as adults were caught when they were in the nest). There
were 31, 109, and 413 nests in each of these categories. In the models for chick traits,204
the male attendance score for the nest-of-rearing was fitted. In the models for adult
male fitness components, an individual’s average male attendance score over nests in206
that year for which he was assigned as a social father was used.
The average rate of extra-pair paternity in this population is 18.4%, although208
this varies depending on the male attendance levels – 17.2% where males have been
caught, 21.2% where males have been seen but not caught, and 28.9% where no male210
has been seen. In addition, 16.7% of males are polygamous (social male at more
than one nest), and of these, 21.8% have been caught at both nests at which they212
are social father.
Statistical Methods214
In order to assess selection occurring through the effects of parental performance
on adult survival, the effect of mass on juvenile survival, and the effect of parental216
performance on fecundity, we ran three models which were conditionally independent.
Model 1 : The first model was a bivariate model with age-specific body mass and218
annual adult survival as response variables. The body mass model included 25915
records taken across the 7 nest ages at which weights were taken for 4345 chicks in220
553 nests. Eight nests (57 chicks) were excluded because they were found more than
one day after chicks had hatched, such that the nest ages could not be determined.222
Body mass was treated as a Gaussian response, with the body mass of individual i
on day d of year y of the form:224
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biyd = x
(b)
iydβ
(b) + z
(b)
iydu
(b) + (β
(b)
f + dβ
(b)
f :d) · fny + (β(b)c + dβ(b)c:d) · csy+
mnyd + psyd + e
(b)
iyd
(3)
where β(b) are generic fixed effects and X(b) their associated design matrix.
These are variables that affect mass and/or fitness, but which are not the focus of the226
selection analysis, and include nest age (as a factor), sex, day of hatching within the
nest (factor, hatched on day 0, 1 or 3), year, time of day, and overall nest hatching228
day (days from April 1st). Although our selection estimates remain valid if these
variables are heritable and genetically correlated with body mass and/or parental230
performance, the equations developed for evolutionary change (see SI) would have to
be modified to take this into account. Interactions between all terms and continuous232
nest age were included to capture trends in these effects over ontogeny (see Hadfield
et al. (2013a)). We include the effects of female fecundity and male nest attendance234
as specific traits that form part of parental performance (see McAdam et al. 2014;
Hadfield 2012, for discussion of ”hybrid” approaches between classical trait-based and236
variance-partitioning analysis). β
(b)
f is the main effect of female fecundity (fny; clutch
size of nurse/social mother n) on body mass and β
(b)
f :d determines how this changes238
with the nest age of chicks (d). β
(b)
c and β
(b)
c:d are equivalent terms for male attendance
(csy), which is fitted in all cases as a continuous covariate; subscript s denotes social240
father. u(b) are generic random effects and Z(b) their associated design matrix; these
were a nest-of-origin effect, which captures prenatal maternal effects, and the genetic242
effect, estimated using pedigree information. The age specific random effects were
assumed to be drawn from a multivariate normal distribution parameterised by a244
7x7 covariance matrix (representing the seven days on which weights were taken).
In both cases this covariance matrix was approximated using a lower dimensional246
first-order antedependence structure similar to the autoregressive structure used in
Hadfield et al. (2013a), and shown to outperform alternative techniques such as248
random regression. The six lagged regression coefficients were allowed to vary over
age, as were the seven innovation variances. (See SI for implementation details).250
mnyd and psyd are a third set of random effects, hereafter referred to as parental
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effects, associated with the identities of the social parents at a nest, within a year,252
and together capture the variance in body mass at each age due to nest-of-rearing.
These were fitted as a multimembership model such that the variance of the two254
effects (male and female) were assumed equal. A small amount of information exists
to separate nest-of-rearing effects into nurse and social father effects, as some males256
are social sires for more than one nest per year. This model would only be weakly
identifiable, so we chose to use a multimembership model that explicitly assumes258
equal division of nest-of-rearing effects. The 7x7 covariance matrices for these effects
were unstructured; We denote them as Vm = Vp. The covariance structure for the260
residual mass effects (e
(b)
iyd) were also unstructured.
Annual adult survival was modelled as an event history characterised by a262
series of 1’s (years for which the individual survived) followed by a 0 (the year
the individual was not observed) or a 1 (individuals surviving past 2016). The264
binary outcome was modelled using a threshold model (887 survival events from 552
individuals), with survival from year y to year y + 1 of the form:266
aiy = I
(
x
(a)
iy β
(a) + δi
[
β
(a)
f · fiy
]
+ (1− δi)
[
(β(a)c · ciy
]
+ e
(a)
iy > 0
)
(4)
where I is the indicator function. Generic fixed effects (β(a)) were sex, year
and nest hatch date. We include two sex-specific fixed effects: the effect of clutch268
size on female survival (β
(a)
f ), and the effect of male attendance on male survival
(β
(c)
f ). δi = 1 when individual i is female, and 0 when male. No random effects were270
included for adult survival, although importantly the residual adult survival effects
(e
(a)
iy ) were allowed to covary with the social parent random effect on body mass272
(mnyd; see SI), giving the 8x8 covariance matrix:
 Vm cm,a
c>m,a 1
 (5)
We assume the male covariance matrix is the same as the female covariance274
matrix above. cm,a is a vector of covariances between age-specific nurse effects
and residual nurse survival, the variance of which is fixed at one (See SI for276
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implementation details). The (unknown) survival outcomes of dummy parents were
not included in the analysis.278
Model 2 : Juvenile survival was also fitted as a threshold event history, although
survival occurs between 9 age classes (0, 1, 3, 6, 9, 12, 15, 25, 365 days) where 1/0 in280
the final two age classes indicates birds that fledged but did not recruit, and a 1 in
the final age class indicates recruits. In total there were 28810 survival events from282
4345 chicks in 553 nests. Observations for time periods prior to hatching, or after
death are omitted. Juvenile survival from day d to day d+ 1 has the form:284
jiyd = I
(
x
(j)
iydβ
(j) + z
(j)
iydu
(j) + (β
(j)
b + d(1− δd25)β(j)b:d + δd25β(j)b:d25) · biyd + e(j)iyd > 0
)
(6)
The generic fixed effects are the same as those for mass, but also included the
nest-of-rearing clutch size and male attendance score. However, separate effects of286
each variable were fitted for survival from fledging to recruitment as the linear time
dependency for the effect of the covariates on pre-fledging survival are unlikely to288
extrapolate beyond fledging. This model also includes the effect of an individual’s
mass on survival from day 0 to day 1 (β
(j)
b ) how this increases each day up to fledging290
(β
(j)
b:d) and for fledging to recruitment (β
(j)
b:d25). δd25 = 1 when d = 25, and biy15 was
used as biy25 was unobserved. A first order antedependence model was used to model292
the 8x8 covariance matrix of nest-of-rearing effects with the seven lagged regression
coefficients and eight innovation variances all allowed to vary over age. Nest-of-origin294
was not included, as it was found to be of very small magnitude in Hadfield et al.
(2013a) and the residual variance for survival (e
(j)
iyd) was fixed at 1 as in standard296
probit analysis.
Model 3 : Annual adult fecundity was treated as a Gaussian response, since in298
females it is under-dispersed with respect to the Poisson (Kendall and Wittmann
2010). Female fecundity was equal to her clutch size and male fecundity was equal to300
all the chicks he sired in his own and other nests. In total there were 887 fecundity
observations from 552 birds. The model has the form:302
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fiy = X
(f)
iy β
(f) + (1− δi)β(f)c · ciy + e(f)iy (7)
where the generic fixed effects are year and sex, and β
(f)
c is the effect of male nest
attendance on fecundity. The residual variance was also allowed to differ between304
the two sexes. The fecundity of dummy parents were not included in the analysis.
All models were fitted in MCMCglmm (Hadfield 2010) in the statistical program306
R (R Development Core Team 2012). The nest-of-origin and genetic random effects
on body mass, and the nest-of-rearing effects on juvenile survival, had parameter308
expanded priors for the autoregressive structure, with a high scale (10) for the
innovation variances. The autoregressive coefficients had a prior mean of 0, and310
variances of 10. The random-residual prior covariance (social parent effect on body
mass and adult survival) followed an inverse-Wishart distribution. The degree of312
belief parameter was set to the dimensions of the prior matrix minus 3, and the
prior scale matrix was set close to zero. Under a simple model, this prior should give314
posterior modes for the variances and covariances close to the REML estimators.
The same prior was also used for the residual covariance matrix for mass. For those316
parts of the model that could be fitted with ASReml (Gilmour et al. 2009), the
posterior modes from this model and the REML estimates were very similar.318
Selection gradients
We define total maternal performance given (not received) on day d as:320
mpiyd = δi
[
(β
(b)
f + dβ
(b)
f :d) · fiy +miyd
]
(8)
and total paternal performance given as:
ppiyd = (1− δi)
[
(β(b)c + dβ
(b)
c:d) · ciy + piyd
]
(9)
Where β
(b)
f is the effect of female fecundity on offspring body mass, β
(b)
f :d its322
change with offspring age, and mpiyd the female portion of the parental effect – the
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effect on offspring mass attributed to the nurse. β
(b)
c , β
(b)
c:d are the equivalents for the324
effect of male attendance, and ppiyd the social sire’s parental performance.
Figure 1 here326
Our aim is to obtain selection gradients for the parental performances, in
addition to the selection gradients on age-specific body mass. Figure 1 shows how328
the parental performance traits and juvenile body mass are expected to influence
individual fitness components, and ultimately total fitness (lifetime reproductive330
success – LRS). In order to obtain selection gradients, we first reparameterize the
statistical models into the causal model shown in Figure 1 (Equations 10, 11, and332
12). We then show how the fitness components, juvenile survival, adult survival and
fecundity, combine to generate LRS (Equations 13 and 14). By taking the partial334
derivatives of LRS with respect to the traits of interest, and averaging over the
distribution of traits, fixed predictors and random effects in the models, we obtain336
the selection gradients (Lande and Arnold 1983) (Equation 15). This procedure is
repeated for each MCMC iteration in order to obtain posterior distributions.338
In order to derive selection gradients for these parental performance traits it is
necessary to define their causal effect on fitness, as shown in Figure 1, rather than the340
correlative model defined in Equation 5, which estimates the covariance between the
age-specific parental effects on offspring mass and the residual for parental survival.342
We can consider the regression of adult survival on age specific parental effects as
(for maternal effects): β
(a)
m = V−1m cm,a (where cm,a is a vector of covariances between344
the residual for nurse survival and age-specific parental effects, from the matrix in
equation 5), and note that β
(a)
p = β
(a)
m by assumption. This gives:346
aiy = I
(
x
(a)
iy β
(a) + δi
[∑
d β
(a)
m:d ·miyd
]
+ (1− δi)
[∑
d β
(a)
p:d · piyd
]
+ δie
(a|m)
iy + (1− δi)e(a|p)iy > 0
)
= FN
(
x
(a)
iy β
(a) + δi
[∑
d β
(a)
m:d ·miyd
]
+ (1− δi)
[∑
d β
(a)
p:d · piyd
]
, 0, σ
(a|m)
e
)
(10)
where e(a|m) is the residual nurse survival after conditioning on parental effects,
with standard deviation σ
(a|m)
e =
√
1− c′m,aβ(a)m . Again, σ(a|m)e = σ(a|p)e . FN is the348
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cumulative distribution function for the normal distribution and the second line
of Equation 10 expresses the threshold model in probit form. It is important to350
realise that adult survival is determined by the parental performance an individual
expresses (rather than receives) in this model.352
In the statistical model female fecundity is a predictor of mass, and
consequently maternal performance. The fitness function requires the inverse of354
this, such that maternal performance predicts fecundity, and so we obtain this as
β
(f)
b:d =
[
β
(b)
f + dβ
(b)
f :d
]−1
. The selection model for fecundity therefore has the form:356
fiy = x
(f)
iy β
(f) + (1− δi)β(f)c · ciy + e(f)iy + δi(
d∑
0
β
(f)
b:d ) · biy (11)
These transformations represent the model described by the path diagram in
Figure 1. The model for juvenile survival remains identical to that given in the358
statistical section, although it can be written in probit rather than threshold form:
jiyd = FN
(
x
(j)
iydβ
(j) + z
(j)
iydu
(j) + (β
(j)
b + d(1− δd25)β(j)b:d + δd25β(j)b:d25) · biyd + e(j)iyd, 0, 1
)
(12)
The probability of surviving from fledging to recruitment (j25) will be360
underestimated by our statistical model, because many surviving fledglings may have
emigrated rather than recruited locally. If there is no relationship between body362
mass at day 15 and dispersal, the regression slope β
(j)
b:d25 will also be downwardly
biased. These two sources of bias have opposite effects on the estimated selection364
gradient but, surprisingly, they exactly cancel so that the issue of incorrectly scoring
emigrants as dead can be ignored when calculating pre-breeding survival selection. A366
proof for this statement can be found in the SI, together with an in depth discussion
on the issue.368
Equations 10, 11, and 12 above relate the parameters of interest to each of the
three fitness components that comprise total fitness. However, we are interested in370
obtaining estimates of the total selection on body mass and parental performance;
We do this by deriving the expected life-time reproductive success (LRS). This can372
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be considered as the sum of annual fitnesses: the product of age specific fecundity
(ft) and survival to that age (
∏t
y=1 sy):374
W =
∞∑
t=1
ft
t∏
y=1
sy (13)
In our model survival to the first breeding attempt is s1 =
∏
d jd, where d
is taken over the measurement days 0, 1, 3, 6, 9, 12, 15 and 25. We assume376
annual survival thereafter is constant with age (st = a ∀ t > 1), as is fecundity.
Consequently, Equation 13 is a geometric series and can be simplified:378
W =
f
∏
d jd
1− a (14)
We partition the variables that vary over individuals into traits of interest
θ = [b,mp, pp]
′
and the remaining fixed effect predictors and random effects not of380
inherent interest η. The selection gradients on the traits of interest are given by
(Lande and Arnold 1983):382
βθ =
E[∂W (θ, η)/∂θ]
E[W (θ, η)]
=
∫
θ
∫
η
(∂W (θ, η)/∂θ)p(θ, η)dθdη∫
θ
∫
η
W (θ, η)p(θ, η)dθdη
(15)
The partial derivative represents the change in fitness (per unit change in the
trait) that would be acheived if an individual’s trait value was increased by a small384
amount. The partial derivative can be calculated analytically for this model. When
there is a non-linear relationship between the trait and fitness (as here) increasing386
each individual’s trait value by the same small amount will cause different changes
in their fitness. As a consequence, we need to take the average change in fitness388
(represented by an expectation term) across individuals. This cannot be done
analytically, so we essentially simulated records for 10,000 individuals, calculated390
the change in their fitness had we increased their trait value (body mass or parental
performance) by a small amount, and took the average. This was done for every392
stored MCMC iteration, in order to obtain a posterior distribution for θ. An
individual’s variables were sampled from the posterior predictive distribution of the394
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model with the generic fixed predictors (Xβ) sampled from a normal distribution
with mean and variance equal to the empirical mean and variance of the generic396
fixed predictors in the actual population. This assumes the generic fixed predictors
for each model are distributed independently of the random effects and the other398
fixed predictors. Male attendance, like the generic fixed predictors, was also not
explicitly modelled in the analyses and so was sampled from a multinomial with400
cell probabilities equal to those in the actual population. Selection gradients were
also obtained for the individual components of parental performance (such as male402
attendance) shown in Equations 8 and 9.
Results404
Body mass: The fixed effects for body mass are summarised in Table 1.
Broadly, these showed the same patterns as those found in Hadfield et al. (2013a).406
Clutch size and male attendance were not included in Hadfield et al. (2013a)
however, and both were found to have significant effects, particularly after day408
0. An increased clutch size led to decreased body mass of -0.004 g/egg ([-0.010 -
0.001], P=0.110) at day 0, and -0.110 g/egg ([-0.156 - -0.062], P<0.001) at day 15,410
suggesting females provided less care to each individual offspring when they have a
larger number to care for. Although male attendance alone had no significant effect412
on mass at day 0 (0.004 g/attendance-unit [-0.014 - 0.022] P=0.650), there was a
strong positive interaction with day, such that there was an increase in body mass414
of 0.936 g/attendance-unit ([0.786 - 1.121], P<0.001) at day 15 (i.e. a juvenile in a
nest with a male feeding is predicted to be almost 1g heavier than if a male has been416
seen but never caught).
Table 1 here418
The proportion of variation in body mass explained by the different random
effects included in the model is shown in Figure 2. This shows that at day 0 the420
social parents (as a pair) accounted for 32% (27.3 - 36.5) of the variance in mass,
which is likely to reflect differences in the true time since hatching (between 0 and422
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23 hours), and whether a female has spent that time brooding additional eggs or
feeding those that have hatched. After day 6 they were the main driver of body424
mass, and accounted for 70.9% (66.7 - 75) of the variance at day 15.
Figure 2 here426
Juvenile Survival: The fixed effects for juvenile survival are summarised in
Table 2. The effect of mass on survival was positive and significant, indicating an428
increased survival probability with increased mass – survival improved by 2.332
probits/g ([1.975 - 2.729], P<0.001) at day 0. However, there was a negative430
interaction with day, such that the extent to which increased mass improved survival
declined across ontogeny, such that survival was increased by 0.821 probits/g ([0.725432
- 0.947], P<0.001) by the mass at day 15 prior to fledging, and 0.194 probits/g
([0.074 - 0.298], P<0.001) after fledging (survival to recruitment).434
Table 2 here
The between-nest variances for age-specific survival generally show decreasing436
between-nest variance across ontogeny, particularly for survival between fledging and
recruitment. The full covariance matrix is presented in the SI.438
Adult Survival: The fixed effects for adult survival are summarised in Table 3.
None of the fixed effect predictors for adult survival were significant, including those440
that form part of maternal and paternal performance – female survival declined
non-significantly with clutch size (change of -0.024 probits/egg [-0.077 - 0.059]442
P=0.746), and increased nest attendance caused a non-significant decline in survival
in males (-0.151 probits/attendance unit [-0.604 - 0.438] P=0.653). The probit444
regression coefficients of adult survival on the parental effects (m/p; Equation 10)
are also shown in Table 3 and have large credible intervals. This probably reflects the446
strong correlations between the predictors: the age-specific parental performances.
However, the residual standard deviation σ
(a|m)
e is close to 1 (0.977 [0.943 - 0.995])448
meaning that the variation in adult survival explained by the parental performances
across all ages is quite modest.450
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Table 3 here
Adult Fecundity: The fixed effects, and residual variances, of adult fecundity452
are shown in table 4. Both the intercepts and residual variances were different for
males and females. Males had higher fecundity than females when they did not454
attend their nest (male attendance score of zero), but increased male attendance
(i.e. care) decreased fecundity by -7.531 eggs/attendance unit ([-8.751 - -5.999],456
P<0.001).
Table 4 here458
Selection Gradients
Selection gradients on parental performance are in units of body mass,460
and therefore directly comparable with the selection gradients on body mass.
However, because the mean and variance in body mass increases over ontogeny,462
we mean-standardise the selection gradients to make them comparable across ages
(Houle 1992). As a consequence the selection gradients are the effect on relative464
lifetime fitness of doubling one’s own body mass or, in the case of the parental
performance, doubling your contribution to your offspring’s body mass. We assume466
that the relative contribution of each parental performance trait (maternal/paternal
effects and male-attendance/female-fecundity) to a proportional increase in parental468
performance is equal to their relative contribution to the variation in parental
performance. For males, the relative weighting on day d for paternal effects is470
wp:d = σ
2
p:d/(σ
2
p:d + (βc + βc:d)
2σ2c ) and 1 − wp:d for male attendance, where σ2p:d
is the age-specific variance in paternal effects and σ2c is the variance in male472
attendance. For females, the relative weighting on day d for maternal effects is
wm:d = σ
2
m:d/(σ
2
m:d + (βf + βf :d)
2σ2f ) and 1 − wm:d for female fecundity, where σ2m:d474
is the age-specific variance in maternal effects and σ2f is the variance in female
fecundity. This weighting is used because doubling parental performance by doubling476
the parental effects is not possible because parental effects have zero mean by
definition.478
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Age-specific selection gradients are shown in Figure 3, together with age-constant
selection gradients (i.e. the change in fitness caused by doubling mass at all ages).480
As expected, there was significant positive selection on body mass (age-constant
selection 9.291 [4.640 - 11.994] P<0.001). The majority of this selection, however,482
occurs after nine days, with weak selection on mass early in ontogeny, e.g. selection
is 0.008 ([0.003 - 0.016], P<0.001) at day 0. The magnitude of selection is greatest484
at day 15 (4.043 [1.686 - 5.496] P<0.001) – the mass at this age affected both
the probability of an individual surviving to fledge, and the probability of fledged486
individuals recruiting to breed.
The selection gradients on total parental performance overlap zero overall488
(Figure 3, black points, age constant selection is -10.505 [-14.541 - -3.356] P=0.023
in males and -3.464 [-9.075 - -0.040] P=0.023 in females), although there is some490
variation with nest age. Looking at the components of parental performance, the
parental effects (acting through adult survival) overlap zero at all ages (Figure492
3, light grey points, age-constant selection is -0.355 [-3.632 - 1.458] P=0.459 in
males and -0.437 [-5.646 - 2.149] P=0.370 in females) giving little evidence for a494
survival cost to the parental effects. The selection gradients on parental performance
via male attendance and female fecundity were both negative with age-constant496
selection gradients of -9.303 ([-14.077 - -2.228], P=0.031) and -2.635 ([-5.025 - -0.827],
P<0.001) respectively. In general the selection on parental performance via male498
attendance and female fecundity changed little with offspring age.
Figure 3 here500
Response to Selection
In the absence of parental performance effects we can use the Lande (1979)502
Equation to predict evolutionary change in age-specific mass ∆b¯ = Gβb. Using G,
the genetic (co)variance matrix of age-specific mass, obtained in model 1, the 95%504
credible intervals for the expected response to selection on mass early in ontogeny
overlap zero (e.g. for day 0 the expected response was -0.000 [-0.003 - 0.004]). After506
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day six the expected responses to selection become significantly positive (0.018 [0.003
- 0.039] P<0.001), and by day 15 an increase in mass of 0.054 grams per year ([0.017508
- 0.093], P<0.001), i.e. 0.50% of mean day 15 mass, would be expected.
In the presence of parental performance effects the expected response in510
age-specific mass requires quantifying selection on each trait contributing to parental
performance, and the genetic (co)variances between these traits and (juvenile) body512
mass (Kirkpatrick and Lande 1989; Hadfield 2012). In the SI we show that if
selection on parental performance traits is proportional to their parental effect (i.e.514
the cost to the parent is proportional to their effect on the offspring’s phenotype)
then the evolutionary dynamics of body mass can be captured by a simple single-trait516
parental performance model as used by Cheverud (1984b). Assuming this, and
extending Cheverud’s (1984b) model to allow for maternal/paternal-specific effects518
and extra-pair paternity (see SI), we can determine the genetic architectures of
body mass and parental performance that result in the evolutionary stasis of body520
mass. For uniparental care (or when genetic variance in parental performance is only
present in one sex) stasis is achieved when the genetic correlation between parental522
performance and body mass r∗b,p is
r∗b,p = −
1 + 1
2
g˜p(1 + β˜p)− p2 g˜p√
g˜p(
3
2
− p
2
+ 1
2
β˜p)
(16)
where β˜p is the selection on paternal/maternal performance relative to selection524
on mass (β˜p = βp/βb), g˜p is the genetic variance in parental performance relative to
the genetic variance for mass (g˜p = gp/gb) and p is the probability that an individual526
is extra-pair. In maternal-care scenarios p = 0 and the result can be derived directly
from Equation 2 (see Cheverud (1984b) also).528
With biparental care, and when the trait is expressed in both sexes with
identical genetic architecture (i.e. the genetic correlation between maternal and530
paternal performance is one), the equilibrium genetic correlation is:
r∗b,p = −
1 + 2g˜p(1 + β˜p)− pg˜p
2
√
g˜p(
3
2
− p
4
+ 1
2
β˜p)
(17)
– 23 –
where β˜p is now the sex-averaged strength of selection on parental performance532
compared to that on body mass. With the same definition of β˜p the equilibrium
genetic correlation between body mass and parental performance, but when parental534
performance in the two sexes is not genetically correlated, is:
r∗b,p = −
1 + g˜p(1 + β˜p)− p2 g˜p
2
√
g˜p(
3
2
− p
4
+ 1
2
β˜p)
(18)
Using the extra-pair paternity rate in our poulation (p =0.18) and our estimates536
of β˜p we can find the genetic correlation for which an equilibrium is reached (r
∗
b,p)
for a given value of g˜p. As we are unable to estimate g˜p from our data, we determine538
r∗b,p over a range of values of g˜p. The posterior distribution of r
∗
b,p is presented in
Figure 4. In the case of males the total selection gradient for parental performance540
compared to the selection gradient on body mass is -1.195 [-2.356 - -0.303]), and so
reduces the need for an extreme negative genetic covariance compared to when there542
is an absence of selection on the trait. The relative selection on female parental
performance is -0.516 [-1.208 - -0.004]), so on average does not lift the constraint544
on stasis as much as male performance. However, the posterior distribution of the
difference is -0.679 [-1.753 - 0.134] and overlaps zero. The combined effect of selection546
on sex-specific parental performances depends on the degree to which their genetic
basis is shared, but in general the equilibrium genetic correlation lies between that548
required when selection operates on both sexes simultaneously.
Figure 4 here550
Discussion
Here we provide the first estimates of selection upon parental performance,552
a trait defined through its impact on the phenotype of offspring but caused by
multiple unmeasured traits in the individual (such as nest-site selection and food554
provisioning rate; Willham 1963, 1972). As expected (Hadfield 2012), these results
show that increasing the mass of an offspring is costly to an individual, when556
fitness is measured as the lifetime total number of zygotes an individual produces
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over its lifetime (Arnold 1985). The cost of care is driven chiefly through reduced558
fecundity, rather than survival, and the magnitude of this cost seems to be borne
differently by the two sexes. Males that show higher levels of attendance (and560
therefore care) at those nests for which they are the social father pay a current
fecundity cost, through reduced rates of polygamy and extra-pair mating, as has562
been predicted (Werren et al. 1980; Westneat et al. 1990; Houston and McNamara
2002) and for which there is some previous evidence (Magrath and Elgar 1997;564
Schwagmeyer et al. 2012). Increased maternal performance also reduced current
fecundity, supporting the prediction of a trade-off between investment per offspring566
and offspring number (Smith and Fretwell 1974), as has previously been found
(e.g. Badyaev and Ghalambor 2001; Nakagawa et al. 2007). Indeed, Rollinson and568
Rowe (2015) demonstrate this trade-off at both phenotypic and genetic levels, with
estimates of correlations between size and number being predominantly negative.570
We set out to demonstrate how stasis in body mass in the face of positive
directional selection might be explained in species with extended parental care and572
determinate growth. In the absence of selection acting against parental performance,
the Willham model (Willham 1963, 1972) suggests that genetic correlations may574
contribute to stasis by constraining evolutionary change, although for stasis to
be caused by genetic correlations alone, they must be close to -1. However, we576
show that the selection against parental performance that we observe lessens the
need for extreme and implausible genetic architectures, although a negative genetic578
correlation would still be needed. The degree to which this is reduced depends
upon the relative magnitudes of the direct and parental genetic effects on body580
mass. Although we were not able to estimate these, evidence for heritable variation
in parental performance (Wilson and Re´ale 2006; Ra¨sa¨nen and Kruuk 2007) and582
general parental care traits has been found (MacColl and Hatchwell 2003; Walling
et al. 2008; Dor and Lotem 2010), although see Wetzel et al. (2015). Estimates of the584
direct-parental genetic correlation in domestic populations (Wilson and Re´ale 2006;
Ra¨sa¨nen and Kruuk 2007) are generally negative, although not strongly so. Thus,586
it is likely that a negative genetic correlation between parental performance and
body mass in blue tits might also be found, but whether these would be sufficient588
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to explain stasis in body mass is not currently known. To our knowledge, the only
estimates of the genetic parameters from a wild population are those for growth rate590
in squirrels (McAdam et al. 2002) and birth weight in Soay sheep (Wilson et al.
2005). In the latter case, g˜p = 1.42 and rb,p = −0.41. Thus to achieve stasis, β˜p ≈-2.1592
would be required, although there is considerable uncertainty about this value given
the genetic parameter estimates have very low precision.594
Our study employs correlational data to estimate selection, which may
underestimate the costs of care compared to experimental studies that manipulate596
parental care. Differences in individual quality (Reznick 1985; van Noordwijk and
de Jong 1986; Lessells and McNamara 2012) mean some individuals are likely to598
bear fewer costs through increased performance than others, which correlational
studies struggle to account for without defining and measuring the quality of600
individuals. However, manipulating parental performance effectively is challenging;
Of the various methods to measure the costs of care (Reznick 1985; Alonso-Alvarez602
and Velando 2012), clutch size manipulations have been the most commonly used
(e.g. Nur 1988; Yoccoz et al. 2002; De Heij et al. 2006; Parejo and Danchin 2006;604
Santos and Nakagawa 2012). However, although such studies attempt to manipulate
total parental investment of the focal individual, the parents may respond by only606
marginally increasing total investment and reducing the investment per offspring.
Nevertheless, selection on parental performance could still be estimated from such608
data by considering the change in parental fitness in units of the total brood weight
change caused by the treatment.610
Our results imply that fecundity selection against parental performance differs
between the sexes – the mean selection estimate is stronger in males. This might be612
expected, as males have higher variance in fecundity, and thus by increasing care they
suffer a higher fitness cost (Trivers 1972; Smith 1977). However, the method with614
which males are assigned as social fathers to nests at which they were not caught
may cause us to overestimate the strength of selection – we assign males based on616
majority paternity, so consequently these uncaught social fathers will have a higher
fecundity, and lower male attendance scores. In order to assess the magnitude of this618
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problem we reran the model using only males that had ≥50% and ≥75% paternity at
all their social nests. For nests with known social fathers (because they were caught)620
the correct male would have been assigned in 92% cases if maximum paternity had
been used, but this increases to 98% and 100% when restricted to nests where a622
male secured ≥50% and ≥75% paternity, respectively. The model results remained
qualitatively and quantitatively similar (see SI), but catching males on territories624
prior to breeding, or identification using unique colour rings or PIT tags (as in Kidd
et al. 2015), would aid in assigning these uncaught social males to validate this626
relationship. Similarly, individuals failing in a breeding attempt prior to hatching
remain unknown. Some of these individuals may then go on to lay a second clutch,628
at which they are caught. Thus, we underestimate the fecundity of those individuals
(e.g. a female who lays a replacement clutch after abandoning her first may lay twice630
as many eggs as are counted). If individuals are not missing at random, estimates of
selection may be biased (Hadfield 2008), and Kidd et al. (2015) found female great632
tits (Parus major) were less likely to be caught (due to early nest failure) if they
were immigrants to the population, and when in poor quality habitats.634
We do not estimate sex-specific effects of parental performance on survival – we
assume that changes in performance affect survival in each sex identically. Although636
parents may provide different total amounts of care, the survival cost per unit care
may not differ. For example, Santos and Nakagawa (2012) found sex differences in638
survival costs when clutch size was manipulated – males suffered reduced survival
when clutch sizes were increased, but females suffered no such cost. This result640
is likely to be due to males altering their care levels in response to treatment,
and thus suffering a survival cost, rather than the treatment altering the cost per642
unit care between the sexes. Additionally, we assume that the males and females
contribute an equal amount to the parental performance for each nest, as a model644
including separate effects would only be weakly identifiable, but it is likely that
parental performance is not equally divided. In blue tits the female alone builds the646
nest, incubates eggs and broods chicks (Cramp and Perrins 1993), and although
both parents feed offspring, evidence of differences exist between feeding rate and648
duration, and nest sanitation behaviours (Banbura et al. 2001). Some aspects of
– 27 –
parental performance may also be attributable to the combination of the parents,650
rather than being divisible between the two – Ihle et al. (2015) found individuals
pairs resulting from free mate choice had lower offspring mortality than those in652
forced pairs, implying behavioural compatibility may affect combined parental
performance.654
In conclusion, our results show that, when appropriate measures of fitness
are used, there is selection against parental performance for body mass. This656
acts antagonistically to selection upon body mass, and goes some way towards
explaining stasis in this trait. These are the first estimates of selection upon parental658
performance, and highlight the need to estimate these parameters when predicting
how traits influenced by other individuals may respond to selection. Although an660
exact analysis requires that we measure selection (and G) on the individual traits
that constitute parental performance (Kirkpatrick and Lande 1989), we have shown662
that measuring selection on total parental performance is empirically tractable and,
we believe, sufficiently accurate to get a better understanding of how body mass664
evolves. Due to limitations of the data, we did not estimate genetic parameters of
parental performance, and thus any future studies that are able to fully estimate666
both selection and genetics will be able to generate more complete predictions as to
the way in which stasis is maintained.668
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Table 1: Posterior mean and 95% credible intervals for the fixed effects from a Gaussian
model of body mass. pMCMC is twice the posterior probability that the estimate is
negative or positive (whichever probability is smallest). pWald is the P-value from a
Wald test that jointly tests the main effect and the interaction with day.
mean l-95% u-95% pMCMC pWald
Day 0 0.605 0.466 0.730 <0.001
Day 1 1.114 0.969 1.270 <0.001
Day 3 2.563 2.315 2.816 <0.001
Day 6 5.579 5.150 6.022 <0.001
Day 9 8.516 7.912 9.197 <0.001
Day 12 10.105 9.226 10.917 <0.001
Day 15 10.711 9.629 11.729 <0.001
Sex (F) -0.003 -0.009 0.004 0.425
Sex (F) : Day -0.022 -0.025 -0.019 <0.001 <0.001
Hatch Day (0-1) -0.180 -0.192 -0.169 <0.001
Hatch Day (0-1) : Day -0.028 -0.033 -0.023 <0.001
Hatch Day (1-3) -0.711 -0.769 -0.657 <0.001
Hatch Day (1-3) : Day -0.043 -0.055 -0.031 <0.001 <0.001
Year.2011 -0.031 -0.064 0.003 0.073
Year.2011 : Day -0.035 -0.054 -0.018 <0.001
Year.2012 -0.031 -0.063 0.001 0.054
Year.2012 : Day -0.029 -0.046 -0.011 0.002
Year.2013 -0.087 -0.127 -0.043 <0.001
Year.2013 : Day -0.028 -0.051 -0.005 0.022
Year.2014 0.020 -0.013 0.054 0.251
Year.2014 : Day -0.015 -0.035 0.003 0.113 <0.001
Clutch Size -0.004 -0.010 0.001 0.11
Clutch Size : Day -0.007 -0.010 -0.004 <0.001 <0.001
Nest Hatch Date 0.003 0.001 0.005 <0.001
Nest Hatch Date : Day -0.002 -0.003 -0.002 <0.001 <0.001
Male Attendance 0.004 -0.014 0.022 0.65
Male Attendance : Day 0.062 0.052 0.074 <0.001 <0.001
Time 0.554 0.485 0.629 <0.001
Time : Day 0.141 0.118 0.165 <0.001 <0.001
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Table 2: Posterior mean and 95% credible intervals for the fixed effects from a thresh-
old model of juvenile survival. pMCMC is twice the posterior probability that the
estimate is negative or positive (whichever probability is smallest). pWald is the P-
value from a Wald test that jointly tests the main effect and the interaction with day
and pre/post fledging.
mean l-95% u-95% pMCMC pWald
Day 0 8.497 2.364 15.268 0.004
Day 1 6.187 0.676 12.311 0.017
Day 3 0.408 -3.752 4.366 0.871
Day 6 0.152 -2.958 3.386 0.948
Day 9 -3.934 -6.539 -1.327 0.004
Day 12 -3.585 -6.133 -0.886 0.007
Day 15 -0.937 -4.047 2.605 0.583
Day 25 (Postfledging) -2.292 -4.547 0.036 0.047
Sex (F) 0.087 -0.217 0.399 0.582
Sex (F) (Prefledging) : Day 0.015 -0.012 0.043 0.293
Sex (F) (Postfledging) -0.239 -0.583 0.130 0.185 <0.001
Hatch Day (0-1) 0.133 -0.253 0.544 0.533
Hatch Day (0-1) (Prefledging) : Day -0.040 -0.070 -0.003 0.026
Hatch Day (0-1) (Postfledging) -0.294 -0.732 0.164 0.196
Hatch Day (1-3) 0.318 -0.565 1.176 0.467
Hatch Day (1-3) (Prefledging) : Day -0.052 -0.128 0.020 0.154
Hatch Day (1-3) (Postfledging) -0.632 -1.640 0.412 0.222 0.001
Year.2011 -0.711 -2.122 0.831 0.352
Year.2011 (Prefledging) : Day -0.093 -0.211 0.040 0.155
Year.2011 (Postfledging) -0.165 -1.661 1.395 0.813
Year.2012 -2.195 -3.620 -0.714 0.003
Year.2012 (Prefledging) : Day 0.101 -0.016 0.210 0.067
Year.2012 (Postfledging) 1.470 -0.214 2.808 0.048
Year.2013 -1.153 -2.752 0.403 0.146
Year.2013 (Prefledging) : Day 0.083 -0.044 0.204 0.190
Year.2013 (Postfledging) 1.235 -0.260 3.075 0.136
Year.2014 -0.170 -1.704 1.308 0.830
Year.2014 (Prefledging) : Day 0.018 -0.098 0.141 0.768
Year.2014 (Postfledging) -0.167 -1.718 1.311 0.804 <0.001
Clutch Size -0.351 -0.620 -0.119 0.004
Clutch Size (Prefledging) : Day 0.019 -0.001 0.040 0.068
Clutch Size (Postfledging) 0.338 0.078 0.591 0.013 0.018
Nest Hatch Date 0.008 -0.054 0.080 0.800
Nest Hatch Date (Prefledging) : Day -0.008 -0.014 -0.002 0.014
Nest Hatch Date (Postfledging) -0.044 -0.107 0.031 0.230 <0.001
Male Attendance 3.156 2.342 4.081 <0.001
Male Attendance (Prefledging) : Day -0.153 -0.224 -0.083 <0.001
Male Attendance (Postfledging) -2.751 -3.739 -1.793 <0.001 <0.001
Weight 2.347 1.975 2.729 <0.001
Weight (Prefledging) : Day -0.101 -0.131 -0.075 <0.001
Weight (Postfledging) -2.157 -2.549 -1.743 <0.001 <0.001
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Table 3: Posterior mean and 95% credible intervals for the fixed effects from a thresh-
old model of adult survival. m/p are the age-specific maternal/paternal effects ex-
pressed by the individual. pMCMC is twice the posterior probability that the estimate
is negative or positive (whichever probability is smallest).
mean l-95% u-95% pMCMC
Sex (F) 0.306 -0.938 1.479 0.626
Sex (M) 0.191 -0.792 1.217 0.727
Year.2011 -0.020 -0.282 0.250 0.883
Year.2012 -0.112 -0.387 0.144 0.412
Year.2013 0.076 -0.229 0.400 0.625
Year.2014 -0.254 -0.542 0.021 0.079
Nest Hatch Date -0.006 -0.021 0.010 0.482
Clutch Size (F) -0.011 -0.077 0.059 0.746
Male Attendance (M) -0.124 -0.604 0.438 0.653
m/p Day 0 3.089 -0.047 6.038 0.051
m/p Day 1 -4.834 -9.592 0.027 0.050
m/p Day 3 1.002 -0.916 3.221 0.338
m/p Day 6 0.262 -0.825 1.285 0.643
m/p Day 9 -0.424 -1.184 0.272 0.280
m/p Day 12 0.168 -0.316 0.644 0.495
m/p Day 15 -0.053 -0.363 0.278 0.740
– 31 –
Table 4: Posterior mean and 95% credible intervals for the fixed effects and residual
variances from a Gaussian model of adult fecundity. pMCMC is twice the poste-
rior probability that the estimate is negative or positive (whichever probability is
smallest).
mean l-95% u-95% pMCMC
Sex (F) 10.030 9.703 10.328 <0.001
Sex (M) 25.076 22.380 27.750 <0.001
Year.2011 -0.612 -1.040 -0.239 0.004
Year.2012 -1.197 -1.605 -0.777 <0.001
Year.2013 -1.970 -2.417 -1.537 <0.001
Year.2014 -0.540 -1.010 -0.121 0.016
Male Attendance -7.399 -8.751 -5.999 <0.001
Residual Variances
Sex (F) 2.705 2.379 3.056
Sex (M) 12.338 10.705 14.115
– 32 –
Figure 1: Path diagram showing the connections between the traits and fitness
components considered within the model. Solid lines represent those connections678
that are included in the models and involve an individual affecting themselves (e.g.
paternal effect an individual provides affects their own survival), whereas dashed680
lines represent parental effects on their offspring (e.g. paternal effect an individual
provides affects their offsprings’ body mass). Dotted lines represent possible682
connections that are not included in the model, as we are not considering the effects
of the two parents on each other. Male attendance is assumed to affect their own684
fecundity (not that of the female).
686
Figure 2: The proportion of variance in body mass across ontogeny (nest age
in days) explained by multiple factors included in the model. Lines are the posterior688
means, with shaded ribbons representing the 95% credible intervals. The social
parent effects (maternal and paternal effects combined) are those that make up part690
of the parental performance.
692
Figure 3: The selection gradients for body mass of juveniles (panel c),
maternal performance (a) and paternal performance (b). Selection on maternal694
performance is in black, and selection on its constituent parts are in light grey (via
the maternal effect) and dark grey (via female fecundity). Selection on paternal696
performance is in black, and selection on its constituent parts are in light grey
(via the paternal effect) and dark grey (via male attendance). The summed698
selection gradients are shown (as total), as well as how selection changes across
all ages of ontogeny at which nests are visited. Bars show the 95% credible inter-700
vals. Note that the scale of the y-axes varies between the different fitness components.
702
Figure 4: Parameter space in which there is evolutionary stasis in body
size. Black lines show the genetic correlation that would be needed to explain704
stasis for different strengths of selection on parental performance (relative to
selection on body mass) and different amounts of genetic variance in parental706
– 33 –
performance (relative to genetic variance in body mass). Grey shading represents
the density of the posterior estimates of selection from the model. The top708
panel is when selection and/or genetic variance is limited to paternal (left) or
maternal (right) performance (Equation 16). The difference in the countours is710
because males are less related to the offspring they care for due to an extra-pair
paternity rate of 0.18. The bottom panel is when selection happens on paternal712
and maternal performance, assuming the genetic variances for paternal and
maternal performance are equal. The genetic correlation between performance714
in the two sexes is assumed to be one (left: Equation 17) or zero (right: Equation 18).
716
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Letter Definition
Fitness
a adult survival
f fecundity
j juvenile survival
w fitness (total)
Traits
b body mass
c male attendance
m maternal effect
p paternal effect
mp maternal performance
pp paternal performance
Parental
effect
Maternal
performance
Paternal
performance
Body
Mass
Juvenile
Survival
Adult
Survival
Fecundity
Male
Attendance
Fitness
Fig. 1.—
718
– 35 –
0.0
0.2
0.4
0.6
0.8
0 1 3 6 9 12 15
Age
Va
ria
nc
e 
Ex
pl
ai
ne
d
Genetic
Nest of Origin
Residual
Social Parents
Fig. 2.—
– 36 –
l
l
l
l
l
l
l
l
l
l
l
l
l
ll l l l l l l
l
l
l
l
l
l l
l
l
l
l
l
l
l
l
l
ll
l
l l l l l
l
l
l
l l l l l l
l
l
−20
−10
0
10
−15
−10
−5
0
5
0.0
2.5
5.0
7.5
10.0
12.5
Selection on
 Maternal
 Performance
Selection on
 Paternal
 Performance
Selection
 on Weight
total 0 1 3 6 9 12 15
Age
St
an
da
rd
ise
d 
Se
le
ct
io
n 
G
ra
di
en
t
Fig. 3.—
– 37 –
Fig. 4.—
– 38 –
REFERENCES720
Alonso-Alvarez, C. and A. Velando, 2012. Benefits and costs of parental care. Pp.
40–61, in N. J. Royle, P. T. Smiseth, and M. Ko¨lliker, eds. The Evolution of722
Parental Care. Oxford University Press, Oxford, UK.
Arnold, S., 1985. Quantitative genetic models of sexual selection. Experientia724
41:1296–1310.
Badyaev, A. V. and C. K. Ghalambor, 2001. Evolution of life histories along726
elevational gradients: Trade-off between parental care and fecundity. Ecology
82:2948–2960.728
Banbura, J., P. Perret, J. Blondel, A. Sauvages, M. Galan, and M. Lambrechts,
2001. Sex differences in parental care in a Corsican blue tit Parus caeruleus730
population. Ardea 89:517–526.
Blomquist, G. and L. Williams, 2013. Quantitative genetics of costly neonatal732
sexual size dimorphism in squirrel monkeys (Saimiri boliviensis). Journal of
Evolutionary Biology 26:756–765.734
Charmantier, A., L. E. B. Kruuk, J. Blondel, and M. M. Lambrechts, 2004. Testing
for microevolution in body size in three blue tit populations. Journal of736
Evolutionary Biology 17:732–743.
Cheverud, J. M., 1984a. Evolution by kin selection - a quantitative genetic model738
illustrated by maternal performance in mice. Evolution 38:766–777.
———, 1984b. Quantitative genetics and developmental constraints on evolution by740
selection. Journal of Theoretical Biology 110:155–171.
Cramp, S. and C. M. Perrins, 1993. Handbook of the birds of Europe, Middle742
East and North Africa. The birds of the Western Palearctic., vol. 7. Oxford
University Press.744
De Heij, M. E., P. J. Van den Hout, and J. M. Tinbergen, 2006. Fitness cost of
incubation in great tits (Parus major) is related to clutch size. Proceedings746
of the Royal Society of London B: Biological Sciences 273:2353–2361.
– 39 –
Dijkstra, C., A. Bult, S. Bijlsma, S. Daan, T. Meijer, and M. Zijlstra, 1990. Brood748
size manipulations in the kestrel (Falco tinnunculus): effects on offspring and
parent survival. The Journal of Animal Ecology 59:269–285.750
Dor, R. and A. Lotem, 2010. Parental effort and response to nestling begging in the
house sparrow: repeatability, heritability and parent offspring coevolution.752
Journal of Evolutionary Biology 23:1605–1612.
Galloway, L. F., J. R. Etterson, and J. W. McGlothlin, 2009. Contribution of754
direct and maternal genetic effects to life history evolution. New Phytologist
183:826–838.756
Gilmour, A. R., B. Gogel, B. Cullis, and R. Thompson, 2009. Asreml user guide
release 3.0. VSN International Ltd, Hemel Hempstead, UK .758
Gratten, J., A. Wilson, A. McRae, D. Beraldi, P. Visscher, J. Pemberton, and J. Slate,
2008. A localized negative genetic correlation constrains microevolution of760
coat color in wild sheep. Science 319:318–320.
Hadfield, J., 2012. The quantitative genetic theory of parental effects. Pp. 267–284,762
in N. J. Royle, P. T. Smiseth, and M. Ko¨lliker, eds. The Evolution of Parental
Care. Oxford University Press, Oxford, UK.764
Hadfield, J., D. Richardson, and T. Burke, 2006. Towards unbiased parentage
assignment: combining genetic, behavioural and spatial data in a bayesian766
framework. Molecular Ecology 15:3715–3730.
Hadfield, J. D., 2008. Estimating evolutionary parameters when viability selection is768
operating. Proceedings of the Royal Society of London B: Biological Sciences
275:723–734.770
———, 2010. MCMC methods for multi-response generalized linear mixed models:
the MCMCglmm R package. Journal of Statistical Software 33:1–22.772
Hadfield, J. D., E. A. Heap, F. Bayer, E. A. Mittell, and N. Crouch, 2013a.
Disentangling genetic and prenatal sources of familial resemblance across774
ontogeny in a wild passerine. Evolution 67:2701–2713.
– 40 –
———, 2013b. Intraclutch differences in egg characteristics mitigate the consequences776
of age related hierarchies in a wild passerine. Evolution 67:2688–2700.
Houle, D., 1992. Comparing evolvability and variability of quantitative traits.778
Genetics 130:195–204.
Houston, A. I. and J. M. McNamara, 2002. A self-consistent approach to paternity780
and parental effort. Philosophical Transactions of the Royal Society B:
Biological Sciences 357:351–362.782
Ihle, M., B. Kempenaers, and W. Forstmeier, 2015. Fitness benefits of mate choice
for compatibility in a socially monogamous species. PLoS Biol 13:e1002248.784
Jones, O. R. and J. Wang, 2010. Colony: a program for parentage and sibship
inference from multilocus genotype data. Molecular Ecology Resources786
10:551–555.
Kendall, B. E. and M. E. Wittmann, 2010. A stochastic model for annual788
reproductive success. The American Naturalist 175:461–468.
Kidd, L. R., B. C. Sheldon, E. G. Simmonds, and E. F. Cole, 2015. Who escapes790
detection? Quantifying the causes and consequences of sampling biases in a
long-term field study. Journal of Animal Ecology 84:1520–1529.792
Kingsolver, J. G. and S. E. Diamond, 2011. Phenotypic selection in natural
populations: What limits directional selection? American Naturalist794
177:346–357.
Kingsolver, J. G., H. E. Hoekstra, J. M. Hoekstra, D. Berrigan, S. N. Vignieri, C. E.796
Hill, A. Hoang, P. Gibert, and P. Beerli, 2001. The strength of phenotypic
selection in natural populations. American Naturalist 157:245–261.798
Kingsolver, J. G. and D. W. Pfennig, 2004. Individual-level selection as a cause of
cope’s rule of phyletic size increase. Evolution 58:1608–1612.800
Kirkpatrick, M. and R. Lande, 1989. The evolution of maternal characters. Evolution
43:485–503.802
– 41 –
———, 1992. The evolution of maternal characters: Errata. Evolution 46:284.
Kruuk, L. E. B., J. Merila, and B. C. Sheldon, 2001. Phenotypic selection on a804
heritable size trait revisited. American Naturalist 158:557–571.
Lande, R., 1979. Quantitative genetic analysis of multivariate evolution, applied to806
the brain:body size allometry. Evolution 33:402–416.
Lande, R. and S. J. Arnold, 1983. The measurement of selection on correlated808
characters. Evolution 37:1210–1226.
Lessells, C. and J. M. McNamara, 2012. Sexual conflict over parental investment in810
repeated bouts: negotiation reduces overall care. Proceedings of the Royal
Society of London B: Biological Sciences 279:1506–1514.812
Lush, J. L., 1943. Animal breeding plans. Iowa State College Press, Iowa.
MacColl, A. D. and B. J. Hatchwell, 2003. Heritability of parental effort in a814
passerine bird. Evolution 57:2191–2195.
Magrath, M. J. and M. A. Elgar, 1997. Paternal care declines with increased816
opportunity for extra-pair matings in fairy martins. Proceedings of the Royal
Society of London B: Biological Sciences 264:1731–1736.818
Marshall, D. J. and T. Uller, 2007. When is a maternal effect adaptive? Oikos
116:1957–1963.820
McAdam, A. G., S. Boutin, D. Re´ale, and D. Berteaux, 2002. Maternal effects and
the potential for evolution in a natural population of animals. Evolution822
56:846–851.
McAdam, A. G., D. Garant, and A. J. Wilson, 2014. The effects of othersaˆA˘Z´ genes:824
maternal and other indirect genetic effects. Pp. 83–103, in A. Charmantier,
D. Garant, and L. Kruuk, eds. Quantitative Genetics in the Wild. Oxford826
University Press, Oxford, UK.
Merila, J., B. C. Sheldon, and L. E. B. Kruuk, 2001. Explaining stasis:828
microevolutionary studies in natural populations. Genetica 112:199–222.
– 42 –
Meyer, K., 1992. Variance components due to direct and maternal effects for growth830
traits of australian beef cattle. Livestock Production Science 31:179–204.
Milner, J., S. Albon, A. Illius, J. Pemberton, and T. Clutton Brock, 1999. Repeated832
selection of morphometric traits in the Soay sheep on St Kilda. Journal of
Animal Ecology 68:472–488.834
Milner, J., J. Pemberton, S. Brotherstone, and S. Albon, 2000. Estimating variance
components and heritabilities in the wild: A case study using the ’animal836
model’ approach. Journal of Evolutionary Biology 13:804–813.
Morrissey, M. B. and J. D. Hadfield, 2012. Directional selection in temporally838
replicated studies is remarkably consistent. Evolution 66:435–442.
Morrissey, M. B., C. A. Walling, A. J. Wilson, J. M. Pemberton, T. H. Clutton-840
Brock, and L. E. Kruuk, 2012. Genetic analysis of life-history constraint
and evolution in a wild ungulate population. The American Naturalist842
179:E97–E114.
Nakagawa, S., N. Ockendon, D. O. Gillespie, B. J. Hatchwell, and T. Burke, 2007.844
Does the badge of status influence parental care and investment in house
sparrows? an experimental test. Oecologia 153:749–760.846
van Noordwijk, A. J. and G. de Jong, 1986. Acquisition and allocation of resources
- their influence on variation in life-history tactics. American Naturalist848
128:137–142.
Nur, N., 1984. The consequences of brood size for breeding blue tits II. Nestling850
weight, offspring survival and optimal brood size. The Journal of Animal
Ecology 53:497–517.852
———, 1988. The consequences of brood size for breeding blue tits. III. Measuring
the cost of reproduction: survival, future fecundity, and differential dispersal.854
Evolution 42:351–362.
Ohno, T. and T. Miyatake, 2007. Drop or fly? negative genetic correlation856
between death-feigning intensity and flying ability as alternative anti-
– 43 –
predator strategies. Proceedings of the Royal Society B: Biological Sciences858
274:555–560.
Olano-Marin, J., D. A. Dawson, A. Girg, B. Hansson, M. Ljungqvist, B. Kempenaers,860
and J. C. Mueller, 2010. A genome-wide set of 106 microsatellite markers for
the blue tit (Cyanistes caeruleus). Molecular Ecology Resources 10:516–532.862
Owens, I. P. and P. M. Bennett, 1994. Mortality costs of parental care and sexual
dimorphism in birds. Proceedings of the Royal Society of London. Series B:864
Biological Sciences 257:1–8.
Parejo, D. and E. Danchin, 2006. Brood size manipulation affects frequency of second866
clutches in the blue tit. Behavioral Ecology and Sociobiology 60:184–194.
R Development Core Team, 2012. R: A language and environment for statistical868
computing. ISBN 3-900051-07-0.
Ra¨sa¨nen, K. and L. Kruuk, 2007. Maternal effects and evolution at ecological870
timescales. Functional Ecology 21:408–421.
Reznick, D., 1985. Costs of reproduction - an evaluation of the empirical-evidence.872
Oikos 44:257–267.
Robinson, D., 1996. Estimation and interpretation of direct and maternal genetic874
parameters for weights of australian angus cattle. Livestock Production
Science 45:1–11.876
Rollinson, N. and L. Rowe, 2015. Persistent directional selection on body size and a
resolution to the paradox of stasis. Evolution 69:2441–2451.878
Santos, E. and S. Nakagawa, 2012. The costs of parental care: a metaanalysis
of the trade off between parental effort and survival in birds. Journal of880
Evolutionary Biology 25:1911–1917.
Schwagmeyer, P., P. G. Parker, D. W. Mock, and H. Schwabl, 2012. Alternative882
matings and the opportunity costs of paternal care in house sparrows.
Behavioral Ecology 23:1108–1114.884
– 44 –
Siepielski, A. M., J. D. DiBattista, and S. M. Carlson, 2009. It’s about time: the
temporal dynamics of phenotypic selection in the wild. Ecology Letters886
12:1261–1276.
Smith, C. C. and S. D. Fretwell, 1974. The optimal balance between size and number888
of offspring. American Naturalist 108:499–506.
Smith, J. M., 1977. Parental investment: a prospective analysis. Animal Behaviour890
25:1–9.
Stearns, S., 1992. The Evolution of Life Histories. Oxford University Press, Oxford,892
UK.
Thiede, D. A., 1998. Maternal inheritance and its effect on adaptive evolution: A894
quantitative genetic analysis of maternal effects in a natural plant population.
Evolution 52:998–1015.896
To¨ro¨k, J., G. Hegyi, L. To´th, and R. Ko¨nczey, 2004. Unpredictable food supply
modifies costs of reproduction and hampers individual optimization. Oecologia898
141:432–443.
Trivers, R., 1972. Parental investment and sexual selection. Pp. 136–179, in900
B. Campbell, ed. Sexual Selection and the Descent of Man. Aldine-Atherton,
Chicago.902
Walling, C. A., C. E. Stamper, P. T. Smiseth, and A. J. Moore, 2008. The
quantitative genetics of sex differences in parenting. Proceedings of the904
National Academy of Sciences 105:18430–18435.
Werren, J. H., M. R. Gross, and R. Shine, 1980. Paternity and the evolution of male906
parental care. Journal of Theoretical Biology 82:619–631.
Westneat, D. F., P. W. Sherman, and M. L. Morton, 1990. The ecology and evolution908
of extra-pair copulations in birds. Current Ornithology 7:331–369.
Wetzel, D. P., M. I. Hatch, and D. F. Westneat, 2015. Genetic sources of individual910
variation in parental care behavior. Behavioral Ecology and Sociobiology
69:1933–1943.912
– 45 –
Willham, R. L., 1963. The covariance between relatives for characters composed of
components contributed by related individuals. Biometrics 19:18–27.914
———, 1972. The role of maternal effects in animal breeding: III. Biometrical aspects
of maternal effects in animals. Journal of Animal Science 35:1288–1293.916
Williams, G. C., 1966. Natural selection, the costs of reproduction, and a refinement
of Lack’s principle. American Naturalist 100:687–690.918
Wilson, A., D. Coltman, J. Pemberton, A. Overall, K. Byrne, and L. Kruuk,
2005. Maternal genetic effects set the potential for evolution in a free-living920
vertebrate population. Journal of Evolutionary Biology 18:405–414.
Wilson, A. J. and D. Re´ale, 2006. Ontogeny of additive and maternal genetic effects:922
lessons from domestic mammals. The American Naturalist 167:E23–E38.
Yoccoz, N. G., K. E. Erikstad, J. O. Bustnes, S. A. Hanssen, and T. Tveraa,924
2002. Costs of reproduction in common eiders (Somateria mollissima): an
assessment of relationships between reproductive effort and future survival926
and reproduction based on observational and experimental studies. Journal
of Applied Statistics 29:57–64.928
This manuscript was prepared with the AAS LATEX macros v5.2.
